The charge storage mechanism of nanostructured anhydrous and hydrous ruthenium-based oxides was evaluated by various electrochemical techniques (cyclic voltammety, hydrodynamic voltammetry, chronoamperometry, and electrochemical impedance spectroscopy). The effects of various factors, such as particle size, hydrous state, and structure, on the pseudocapacitive property were characterized. The electric double layer capacitance (C dl ), adsorption related charge (C ad ), and the irreversible redox related charge (C irr ) per unit mass and surface area of electrode material has been estimated and the role of structural water within the material either in micropores or interlayer are discussed.
Introduction
Electrochemical capacitors (also known as supercapacitors or ultracapacitors) are attractive devices characterized by high power, high energy density with long cycle life [1] [2] [3] [4] [5] . In particular, electrochemical capacitors employing ruthenium oxide as electrode material (so-called pseudo-capacitors or redox-capacitors due to their surface redox activity compared to their carbon analog) are capable of providing high gravimetric and volumetric energy density [1, [5] [6] [7] [8] [9] [10] [11] . Thus, RuO 2 -based supercapacitors are potential candidates as power sources for small devices.
RuO 2 -based materials have been extensively studied as electrode materials in particular for various gas evolution electrodes (chlorine, oxygen, and hydrogen) [12] [13] [14] [15] .
Since the pioneering study by Trasatti and Buzzanca [16] who first recognized that the 'rectangular' shaped cyclic voltammogram of a RuO 2 film resembled that of the electric double layer capacitors, much effort has been devoted to enhancing the capacitance as well as the fundamental understanding of the mechanism of the pseudocapacitance.
Despite the extensive amount of these and other studies, the fundamental charge storage properties of RuO 2 , for example the contribution of redox capacitance, is still not well understood and a universal understanding on the redox properties towards supercapacitor application has yet to be established. The fast and slow charges in thermally prepared DSA-type electrodes have been attributed to the utilization of more accessible, mesoporous surfaces and less accessible, microporous inner-surfaces, respectively [17] . Based on ellipsometry and ac impedance measurements on anodically and thermally prepared RuO 2 , the fast-and slow-charging modes have been attributed to 2/26 the charging of the grain surfaces and incorporation of protons into the oxide grains, respectively [18] .
The study on hydrous ruthenium oxide (RuO 2 ·xH 2 O) prepared by a sol-gel procedure constituted to a major advance in terms of gravimetric capacitance [19, 20] .
The specific capacitance for hydrous ruthenium oxide (RuO 2 ·xH 2 O) ranges from 600 to 1,000 F g -1 depending on the preparation procedure, measurement conditions, use of support, etc [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . [20] . The specific capacitance is also known to strongly correlate with the proton mobility [24] . An optimum mixed percolation conduction mechanism where separate percolation paths provide protonic and electronic conduction has also been proposed [31] .
This paper will focus on the charge storage mechanism of ruthenium-based oxides evaluated by various electrochemical methods using anhydrous and hydrous ruthenates with a variety of structures and composition. Various materials will be compared.
Namely, anhydrous RuO 2 deposited on a flat glassy carbon surface (model electrode) and thin films of anhydrous RuO 2 nanoparticles, hydrous ruthenium oxide, layered ruthenic acid, and ruthenic acid nanosheets.
Experimental
The preparation and structural characterization of RuO 2 model electrodes [40] , stabilized on a glassy carbon surface with a thin layer of re-cast Nafion ionomer.
Re-stacked nanosheet electrodes were prepared by dropping 20 µL of a colloidal suspension (3.6 mg of RuO 2 per 20 mL in distilled water) onto a mirror-polished glassy carbon rod. The capacitance was calculated by averaging the anodic and cathodic charge.
Results and discussion

Particle size effects of anhydrous RuO 2 nanoparticles
The so-called "model electrode method", where a known amount of active material is dispersed on the surface of a microscopically flat glassy carbon rod surface, is a powerful and reliable method to study the size effects of supported metal particles, since the influence caused by the porosity in the supporting materials can be eliminated [43] .
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This method was employed for the characterization of the particle size effect towards supercapacitor behavior of anhydrous RuO 2 nanoparticles. Figure 1 shows the increase in the gravimetric capacitance with decreasing amount of RuO 2 loaded on the glassy carbon surface. A simple calculation of the trend in the surface area and gravimetric capacitance as a function of the particle size is shown in Fig. 2 . The gravimetric capacitance was estimated using the value of C = 80 µF cm -2 [41, 44, 45] as a probe. At a particle size of ~0.9 nm, the estimated capacitance is ~760 F g -1 . This value is comparable to the gravimetric capacitance of RuO 2 ·xH 2 O, clearly
indicating that the particle size has a significant impact on the total capacitance.
Evaluation of the redox capacitance of anhydrous RuO 2 nanoparticles
A slightly more complex system than the model electrode, a thin film electrode, was employed to elucidate the redox behavior of structurally well-characterized nanoparticulate RuO 2 . This method allows the straightforward evaluation of nanoparticulate RuO 2 with a known amount of electrode mass and surface area at a wide range of scan rates, which in turn allows quantitative evaluation of the specific capacitance. The active material was mesoporous anhydrous RuO 2 (average particle size=10 nm, S BET = 42 m 2 g -1
, average pore diameter=16 nm, 90% mesoporosity). The two small redox peaks at 0.6 and 0.8 V are attributed to electrosorption of ionic species on the surface of RuO 2 (C ad ). This charge storage is faster than C irr , although not as fast as the C dl . Hydrodynamic voltammetry at a disk rotation of 3600 rpm revealed that the redox peak at ~0.8 V is less dependent on the electrode rotation compared to 7/26 that of the 0.6 V peak. Moreover, these peaks were not evident in KOH electrolyte. The results suggest that the redox peaks at 0.6 and 0.8 V can be attributed to electrosorption of anions and cations, respectively. This is in accordance with previous in-situ EQCM studies of electrolytic RuO 2 revealing mass gain and loss near these two redox peaks [33] . The contribution of C ad at 0.5 mV s -1 is estimated as C ad~1 7 F g -1 (42 µF cm -2 )
using the values of C dl~3 4 F g -1 (80 µF cm -2 ) and C irr~3 1 F g -1 (75 µF cm -2 ). This C ad value corresponds to a surface reaction of approximately 0.2 electrons per surface
RuOH.
The pseudocapacitance of anhydrous RuO 2 nanoparticles can thus be deconvoluted into at least 3 major components (C dl , C irr , C ad ) with different kinetics within the potential range of 0.1-1.3 V. Figure 4 illustrates the change in specific capacitance as a function of the scan rate.
----- Figure 4 -----
Charge storage mechanism of hydrous RuO 2 nanoparticles
Cyclic voltammograms at various scan rates for RuO 2 ·0. Table 1 .
----- Figure 6 -----
The impedance data can be fitted assuming three major reactions at high, medium, and low frequency. A model circuit (Fig. 6 inset) comprised of 7 elements was adopted to fit the impedance data. Here R s is the solution resistance, C is the capacitance at high frequency of the outer most surface of the film, and Z W is the finite length Warburg impedance element. A CPE element was used to account for the low frequency constituted from secondary particles, where the effect of mass transfer is less significant.
On the other hand, charging of the micropores is mass transfer controlled since the ionic resistance is high. The capacitance in RuO 2 ·0.5H 2 O originates from both the easily accessible mesopores (freeways), and the less accessible micropores (city roads). The utilization of micropores (city roads) results in high specific capacitance but gives low capacitor frequency response. On the other hand, the majority of the capacitance in anhydrous RuO 2 originates from the easily accessible mesopores (highway) with almost no contribution from micropores (city roads). Thereby, the capacitor frequency response is high but the specific capacitance is low because of the low surface utilization. The larger value of the effective thickness L for the hydrated systems can thus be taken as the development of city roads.
Charge storage mechanism of layered H 0.2 RuO 2.1 ·nH 2 O and its nanosheet derivative
Layered H 0.2 RuO 2.1 ·nH 2 O is a lamellar oxide composed of 0.4 nm crystalline ruthenium oxide slabs interleaved with a hydrous interlayer. It possesses metallic conductivity with room-temperature resistivity in the order of mΩ cm [37] and ionic conductivity via the hydrous interlayer. The Ru oxidation state is predominantly 4+, which makes this compound extremely electrochemically stable. The water content n is typically n~0.9 for a room-temperature dried product and tri-and di-hydrated phases can be obtained depending on the conditions. Chemical modification of layered (Fig. 7) have a mirror image with well-defined redox peaks centered at 0.6 and 0.9 V.
Such peaks are evident in anhydrous RuO 2 , although not as profound [41] . These peaks are sensitive to the electrolyte, indicating the involvement of ion electrosorption. The 0.6 and 0.9 V peaks are attributed to electrosorption of cationic and ionic species (C ad ).
The larger contribution from these redox-related charges is attributed to the advantageous ionic transport through the expandable hydrous interlayer.
----- Figure 7 -----
The C dl calculated from the rectangular-shape 'background' current is ~200 
Conclusions
The electrochemical capacitor behavior of anhydrous RuO 2 model electrode, and attributed to the lack of grain-boundary charging. In general, the smaller the particle size, higher gravimetric capacitance can be obtained due to the increase in surface area.
The hydrous state is a key factor in terms of both energy and power density. Ionic conduction via hydrous micropores, mesopores, or interlayer most likely dominates the 13/26 26/26
